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Abatract 

Tho  oxporimontal  ovldoneo  on  tho  aiochanical  bohavior  of  fcc»  bcc 
and  hep  motala  la  brlofly  rovlowod.  Extendod  llnoar  hardonlng»  largely 
indopondont  of  toniporatura«  strain  rata  and  other  totting  conditions*  is 
found  not  only  in  all  fee  metals  (stage  II)  and  in  gormaniuai  but  also  in 
polyeryatallina  iron  and  simple  stools*  Tho  average  value  of  K  ■ 

(shear  modulus  by  «»erk  hardening  eooffieiont  in  tho  linear  rango)  is  about 
300  in  fee  metals  and  500  in  stools*  Tho  corresponding  value  for  hep  metals 
it  by  far  larger*  and  it  is  concluded  that  tho  linear  hardening  in  them 
cannot  bo  coniparod  to  that  in  fee  and  bcc  metals* 

A  qualitativo  theory  of  easy  glide  it  presented*  Linear  hardening 
in  stage  II  it  explained  on  the  basis  of  throe  simple  assumptiens*  The 
resultant  theory  is  applicable  to  a  great  variety  of  materials*  testing 
conditions  and  dislocation  arrangements*  and  in  particular  also  to  the 
tangled  dislocation  structures  wrhlch  are  believed  to  be  due  to  interactions 
between  point  defects  and  dislocations*  The  expected  rate  at  which  energy 
is  stored  during  glide*  as  well  as  slip  line  lengths*  dioAocation  density* 
the  role  of  intersection  Jogs  and  the  Cottrell-Stokes  law  are  discussed  in 
tho  light  of  the  theory*  and  good  agreesiont  with  experimental  fact  is  found. 

The  lower  rate  of  linear  work  hardening  in  steels  compared  to  that 


in  foo  flMtala  la  axplainad  through  tha  aetlon  of  aaay  eroos  slip.  A 
quits  slnllar  work  Kardsnlng  rats  Is  oeoaslonally  sbssrvsd  In  a  llnsar  ranqs 
of  stags  III  in  purs  foo  astals  whsn.  again,  sasy  cross  slip  is  bslisrsd  to 
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opsrats.  Cliob  and  aonssrratiTo  oliab  of  dislocations  can  account  for  ths 
raaalning  obssrrations  regarding  stags  III. 

Introduction  and  Brief  Survsy  of  Eupsriosntal  Evidsnes 

IKs  stress -strain  curve  of  crystals  ofcaany  different  substances 
are  qualitatively  similar.  No  significant  penaanent  plastic  defenMitlen  takes 
place  below  the  sO-called  ''critical  resolved  shear  stress".  As  the  applied 
stress  is  raised  beyond  this  level,  yielding  occurs  with  little  or  no  work- 
hardening  and  acmetimes  even  acosayianied  by  a  drop  in  stress.  This  stage  is 
usually  called  the  "easy  glide"  region,  or  "stage  I".  Straining  beyond  easy 
glide  leads  via  a  brief  transition  stage  of  rapdily  increasing  work  hardening 
into  "stage  II",  in  which  the  work  hardening  coefficient  is  a  constant,  i.e. 
in  which  stress  and  strain  are  linearly  related;  also  called  the  "linear 
hardening"  range.  Finally,  in  stage  III,  the  workhardening  coefficient 
diminishes  again. 

The  above  tTpe  of  workhardoning  curve  (Fig.  1)  and  in  particular 
the  range  of  linear  workhardening  in  stage  II  has  been  the  subject  of 

numerous  experimental  as  well  as  theoretical  investigations,  mainly  in  con- 
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nectien  trlth  pure  foe  metals  ,  but  it  is  also  found  in  fee  alloys 

and,  occasionally,  in  hexagonal  metals  ionic  crystals  and 

gexmanlvm  plus  probably  quite  a  many  other  substances. 

Pelyerystala  do  not  usually  exhibit  easy  glide,  but  a  linear 
worUuirdening  range  cooparable  to  stage  II  of  foo  single  crystals  is  often 
also  found  in  them.  Actually,  the  numerical  value  of  the  workhardening 
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oo«ffiei«nt  for  cinal*  onratals  In  II,  although  TBzying  bf  about  tha 

faotor  S  for  dlfforont  oriontatlons  of  tho  saxw  aatorial  ^•5»7»9»30,31^ 
othorwlco  anaalngly  otablo.  In  partlcralar,  apparantly  doponda  on  tho 
toniporaturo  only  in  tho  oaiao  way  ao  tho  noduluo  of  rigidity#  G,  ao  that 

G/Gjj  «  r  ia  yory  noarly  a  eenatant  6,7,«,29,90,31-*4^  Fnrthor#  Ojj  ia 
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alavat  indopondont  of  rato  of  atralning  ^and  ocapoaitlon  of  foo  alloya^ 
oxoopt  that  it  aoatly  aooaw  to  dooroaao  aoeMidiat  t(ith  ineroaaing  alloying 
oontont  (aoo  for  oxanplo  rofa.  S  and  21). 

InToatigationa  of  linoar  hardoning  in  boo  aa  %roll  aa  fco  poly> 
eryatala  ahowa  that  alao  thoir  hardoning  eooffieiont  ia  Tory  ropredneiblo# 
boing  littlo  affoctod  by  toagjoraturo  of  tooting  apood  of  toating 
eoBpeaition  proatrain  and  grain  aiao  Ihoro  ia  oron  adoguato 

nunarical  agroooiont  botwoon  K  •=  QjjIG  moaaurod  for  ainglo  oryatala#  and  tho 
yaluo  idiioh  ono  would  dodueo  froai  tho  linoar  hardoning  rango  in  polycryatala 
whon  oonyorting  tho  tonailo  atrooa  and  atrain  into  ahoar  atroaa  and  atrain# 
aeoordlng  to  aoaw  ayorago  oriontatlon.  For  oxai^lo#  tho  linoar  hardoning  in 
polyoryatallino  braaa  ia  found  botwoon  50  bg/am^  and  60  bg/an^  tonailo  atroaa 
por  loot  tonailo  atrain.  Sinco#  for  fee  awtala#  an  ayorago  yoluo  for  tho 
eonyoraion  of  tonailo  atroaa  into  ahoar  atroaa,  as  woll  aa  of  tonailo  atrain 
into  ahoar  atrain  ia  0.4  (aoo  roforoneo  39)  ono  would  obtain  fraa  tho  poly- 
eryatal  eurroa  tho  ainglo  eryatal  yaluo  ^  55  x  (0.4)^  bg/zaa^  9(  g  bg/aat^^ 

which  ia  oonaiatont  with  tho  moaauroaonta  of  yon  G6lor  and  Saoha  . 

In  atarb  eonatraat  to  tho  dlaeuaaod  porsistoneo  of  rapid  linear 

hardoning  undor  a  yory  wldo  yarioty  of  olreuiastaneos,  "oasy  glido**,  not 

usually  found  in  polycryatala,  is  so  aensitiyo  to  many  influonoea  that  it  la 
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oftan  miasad  altatpatlier.  In  fact,  avan  aiaall  amounta  of  Inaelubla  i^puritiaa 
araaa  It  in  aoHinally  ''para*'  foo  matala,  aa  waa  flrat  raeoaniaad  by  Roal  ^ 

(aaa  for  axaapla  2«  16«  and  40).  Thla  la  ballarad  to  ba  tha  raaaon  why. 
in  "pura"  foe  Mtala.  aaay  crlld*  haa  baan  adaaad  for  aiany  yaara  aran  In 
tha  oauraa  of  othanrlaa  rmry  oaraful  invaaticratlona  aa  for  axanpla  tha  aarly 
atody  by  Cimop  and  Saoha  on  glida  in  aluninan.  and  why  aaay  gllda  haa 
only  baan  raoogniaad  aa  a  gonaral  phanooMnon  in  fco  awtala  ainca  wary  pura 
aitala  haaa  beooaw  awailabla.  In  fee  aolid  aolution  alleya.  on  tha  othar 
hand,  aaay  glida  haa  baan  known  a  long  tlna.  baoauaa  ita  axtant  la  graatly 
Ineraaead  by  the  praaanca  of  aolTibla  additiona. 

Eaay  glida  la  further  dapondant  on  apaoixtan  alaa  daeraaaing 

with  inoraaaing  oryatal  dlanatar.  and  it  nay  ba  influancad  by  aurfaca  traat* 
manta  aa  wall  aa  clanping  eondltiona  (aaa  11  and  43).  It  la  pronouncad  st 
low  toMperaturaa.  but  dacraaaaa  with  Inoreaaing  taaparatura 

and  may  Tonlah  altogathar  at  alaratad  tanparaturea.  Aboira  all.  howarar^.  aaay 
gllda  ia  proninant  only  for  cryatala  orlantad  such  that  axtansira  aingla 
glida  la  to  be  axpaotad.  i.a.  in  oryatala  near  tha  contar  of  tha  standard 
triangla  and  towards  the  <110)  comar.  whlla  cryatala  .with  their  axis  naar 
<111^  and  <100>  allow  littla  or  no  aaay  glide  ***. 

Actually,  also  stags  I  reprasants  a  range  of  linear  hardening, 
but  with  a  nuch  snallar  work  hardening  oeafficlant  which,  moreover,  is 
strongly  orientation  dependant.  Increasing  sharply  towards  <100>  and  <111> 
orientations. 

Tha  beginning  of  stage  III  as  wall  as  workhardaning  in  this  range 
are  strongly  tonparatura  dependent.  Stage  III  is  usually  thought  to  ba 
caused  by  "dynamical  recovery". 
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a>—x»Uo»l  m  th»  of  Ea»y  qiid« 

Om  yield  •tress  of  prerleusly  undefoxaed  crystals  is  probably 
governed  by  their  reslstanee  against  disleeation  aotien.  This  resistance 
is  partly  dae  to  the  •••called  Peierle-Nabarro  force,  Tienally  aodlfled  by 
the  oadortainty  of  dislocation  axes  t4  due  to  lagnirity  and  point 

defect  looking  of  various  types,  to  the  reeistanee  against  the  intersection 
of  ''forest*'  dislocations,  the  drag  of  the  resultant  intersection  Jogs,  and/or 
due  to  the  interaction  between  the  glide  dislocations  and  any  other  type 
of  defect,  plus  the  stress  neoessary  to  bow  the  free  dislocation  lengths  eut 
against  the  reaction  of  their  line  tensien.  But  whatever  aay  be  the  denlnant 
effects,  glide  under  the  action  of  a  slowly  increasing  stress  cannot  start 
unifoxady  throughout  the  oryetal.  Oroater  -or  lesser  deviations  f roM  the 
calculated  level  of  applied  stress,  as  well  as  availability  of  dislocations, 
and  local  fluotuatimt  of  the  total  resistance  to  dislocation  notion,  mist 
result  in  the  initiation  of  plastic  flow  in  certain  areas  while  the  rest  of 
the  isaterial  is  still  undofoxawd. 

If  a  significant  part  of  the  initial  flow  stress  is  duo  to  Inqpurlty 
or  point  defect  locking,  or  if  it  is  heightened  by  short  or  long  range 

AC  4* 

ordering  ",  the  dislocations  which  move  first  will  experience  a  frictional 
•tress  which  drops  initially.  In  ether  oases  the  flow  stress  opposing  the 
notion  of  the  sieving  dislocations  nay  rise  slowly,  but  it  is  suggested^UNitf 
that  only  little  hardening  can  take  place  until  the  crystal  is  filled  with 
dislocations  to  the  point  that  those  moving  in  different  directions  (even 
though  naybe  on  the  same  slip  plane)  mutually  begin  to  block  their  paths, 
i.e.  until  there  is  no  substantial  region  of  the  test  length  left  in  which 
no  plastic  defonsatlon  has  taken  place. 

SoBtetines,  the  lack  of  honogenelty  in  the  early  stages  of  defomation> 
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th«  tpr—d  of  dislocations  into  still  undofomsd  rsgrlona,  takes  e  Tsry 
obvi#us  fenv  for  mxMiplm  in  the  oaso  of  Lfidsrs  bands  in  iron  or  a-brass 

or  the  sprsed  of  ordinary  slip  bands  in  ionic  crystals  *  ,  or  Lfidora 
bands  oboonrad  in  irradiated  copper  .  in  agreeaient  with  the  above 

suggestion  that  rapid  hardening  begins  on^y  when  the  apeciiaen  ia  filled  with 
disloeatlona,  "easy  glide"  in  such  eases  apparently  ia  teminated  idten  the 
test  length  has  been  traversed  by  Luder's  bands  or  la  covered  by  slip  lines. 
It  ia  th\is  logical  to  correlate  the  easy  glide  region  in  general  with  slip 
taking  place  up  to  the  point  that  the  specimen  has  Just  attained  a  quasi - 
unifoxn  dislocation  distribution,  before  dislocatlona  soanating  from 
different  centers^ln  which  the  yield  stress  was  first  exceeded^have  begun 
mutually  te  block  their  progress. 

Work  Hardening  in  Stage  I 

Positive  wor^diardening  in  stage  I  partly  reflects  the  nonuniformity 
of  the  applied  stress.  If,  due  to  grip  effects  for  exanple,  the  applied 
force  resvilts  in  wide  local  stress  fluctuations,  yielding  will  first  occur 
at  stress  peaks,  where  the  yield  stress  is  exceeded  before  the  bulk  of  the 
material  yields.  Ihe  first  regions  to  yield  then  workharden,  and  increasing 
proportions  of  the  specimen  are  being  stressed  beyond  the  yield  point.  It 
is  in  general  agreement  with  this  typo  of  geometrical  hardening  theory  that 
Hauser  and  Jackson  can  explain  the  orientation  dependence  of  easy  glide 
through  grip  effects. 

In  addition  te  the  above  effect,  however,  sene  true  workhardening 
in  easy  glide  of  fee  raetale^even  under  the  most  careful  testing  conditions^ 
seems  to  take  place.  The  lowest  stress  which  will  cause  sustained  motion 
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of  a  dlaleoation  In  foo  aotala  at  low  and  Intoraodiato  taaporaturai' 
apparently  rlsM  oontinuottsly  with  tho  diataneo  travaraad  already.  If  thla 
waa  not  ao  one  oould  «cpeot  cryatala  to  ahear  on  Indlridvial  planea;  in  ox> 
trena  oaaoa  to  fracture.  Alao  one  oould  not  undoratand  the  tosporature 
dependence  of  the  workhardenlng  rate  in  eaay  glide. 

One  theoretical  reaaon  for  a  true  poaitive  workhardening  ooefficient 
in  eaay  glide  waa  firat  giren  by  ran  Bueren  i  Aa  a  dialocation  Mrea 
and  intoraoota  fereat  dlalocations  it  aoquirea  joga  which  oauae  a  drag  on 
the  dialooatien  line.  In  ideal*  aingle  glide,  the  nmber  of  Joga  fomed  ia 
proportional  to  the  area  awept  out  by  dialocation  axea.  which  in  turn  ia 
proportional  to  the  ahear  defonaatien.  Hence  the  reaulting  rate  of  work 
hardening  deponda  on  the  relation  between  dialoeation  denaity  and  ahear. 

If  ''unprodictod"  alip  takea  place  during  eaay  glide,  the  denaity  of  foreat 
dialocationa  inereaaea  with  atrain'.  girlng  riae  to  additional  hardening.  In- 
terfermoe  of  priioary  alip.  by  alip  on  aeoondary  ayataea  waa  inreatigated 
theoretically  by  Haaaen  and  Laibfried  who  accounted  for  the  orientation 

dependenoo  of  the  rate  of  workhardening  in  thio  way. 

Another  aource  of  true  werkhardening  in  eaay  glide  ia  that  point 

defecta  are  generated  which  interact  with  the  dialocationa  to  fom  tanglea. 

45 

and  in  thia  wny  hinder  their  progreaa  .  finally.  '*Jega'*  are  created 
through  the  uncertainty  of  dlaleoation  axea  which  again  cauae  a  drag 
on  the  dialocationa. 

Although  at  thia  point  no  cruantitative  theory  of  workhardening  during 
eaay  glide  ean  be  glyen.  it  seewa  aafe  to  state  (i)  that  the  owchaniaxna 
isentioned  above  mxiat  operate  (ii)  that  the  linear  hardening  during  eaay 
glide^ which  ia  observed  experimentally,  is  at  least  partly  caused  by  then. 


and  (ill)  that  that*  MchanlaM  aheuld  oontlnu*  to  oporata  aran  aftar 
sta9a  II  hardaning  haa  eonncad«  Iha  thraa  procaaaaa  dlaeusaad  ara  all 

11  12 

twparatura  dapandant  and  would  contrlbuta  to  In  Saagar'a  tamlnology  '  . 

On  tha  Extant  of  Eaay  Cllda 

nia  dialoeatlan  danaity  la  always  dataminad  by  tha  affactlaa  strasa 
drlTing  tha  dialooationa  forward,  i*a.  by  tha  dlffaranea  batwaan  appliad 
strasa  and  <trua  frlotional  straas  acting  on  tha  dlslooatlans;  but  tha  ahaar 
daformatlon  is  aqual  to  tha  product  of  Burgars  ractor,  dislocation  density, 
and  naan  fraa  path.  Slnoa,  for  a  Viv*n  awtarlal,  tha  affaetire  straas  during 
aasy  glide  is  clearly  little  dapandant  an  straining  oonditims,  tha  obsarrad 
wide  rariatlons  in  tha  extant  of  aasy  glide,  due  to  surface  traataants, 
crystal  orientation,  tsapsratura  ate,  must  be  due  to  cerraspondingly  wide 
Yariatlona  in  tha  aaan  fraa  disleoatlon  path  before  stage  II  begins. 

In  tha  light  of  tha  praoadlng  considerations,  tha  aain  body  of 
axparlnantal  aridanca  on  tha  extant  of  easy  glide  bacosws  qualitatiraly  under- 
standablei  Easy  glide  is  tansinatad  tha  earlier,  tha  shorter  tha  wean  dis¬ 
location  paths  are.  In  orientations  close  to  the  sysnatry  line,  or<lll> 
or  <100>  ,  in  particular,  slip  will  start  practically  slmiltaneotisly  on 
intersecting  aystasw,  and  dislocations  stlgratlng  outward  fraw  different 
plastic  regions  will  interact  and  block  each  others  progress  aftar  vary  short 
fraa  paths.  Consequently,  short  aasy  glide  near  <100>  ,  <111^  ,  and 

■'%h 

orientations  near  the  syssiotry  line  of  the  standard  trian#lo,  is  to  bo 
expaoted.  Tha  affect  of  insoluble  isqpuritias  can  also  be  understood  on  tha 

I 

basis  af  this  concept,  since  dislooations  will  be  held  up  by  than  and  will 
rapidly  nultiply  with  oorraspondingly  snail  naan  dislocation  paths. 
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Solublt  lapuritias*  by  contrast*  lower  the  stacking  fault  tnsrgy 

and  givo  riss  to  dislocation  locking  as  wall  as  incraasad  initial  flow 

38 

stress  dua  to  ordering  phanomana.  All  of  thasa  affacts*  diractly  or 
indiractly  causa  the  dislocations  which  travel  outward  from  ragions 
in  which  ths  yield  stress  is  first  axcaadad  to  bmvs  long  distancas*  i>a. 
causa  long  easy  glide. 

Spocinans  oriented  for  single  slip  and  subject  to  banding  strassas 
suparimposad  an  tension  %»ill  start  to  yield  at  the  most  highly  stressed 
surfaces*  causing  d^locations  on  the  sane  system. and  with  the  same 
Burgers  vector  to  move  towards  the  interior  of  the  spaclnan.  Although 
dislocations  of  the  same  slip  system  moving  in  the  saate  direction  Interact 
slightly*  mainly  in  the  form  of  "glide  polygonization"  *  *  they  will 

not  block  each  others  motion  as  long  as  there  is  no  strong  obstacle  in 
the  path  of  the  leading  dislocations.  Hence*  the  plastic  regions  spread 
from  the  surfaces  inward  and  very  long  easy  glide  for  this  case  is 
expected. 

This  effect  is  probably  the  explanation  for  the  size  effect  (see 
also  the  discussion  by  Fleisher  ^^)*  as  well  as  for  the  very  low  work 
hardening  observed  by  Rohm  and  Kochendorfer  when -shearing  long  single 
crystals  of  aluminum. 

The  absence  of  easy  glide  in  p^lycrystals*  except  in  cases  sdiere 
the  onset  of  dislocation  awtion  is  coupled  with  a  substantial  drop  in  stress* 
as  for  example  in  iron*  is  in  the  first  place  a  consequence  of  nonuniform  stress 
distribution,  since  the  resolved' shesr  streAs  agting  «n  the  mo it  fsvorably 
oriented  slip  systems  in  the  different  crystals  varies  widely.  In  addition* 
multiple  slip  begins  very  early  in  all  crystallites  of  a  polycrystal.  In 
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agrMBMnt  with  thla  thou^t  Is  ths  long-knotm  fabt  that  ths  strsss'straln 
eurrss  of  fee  polyerystals  can  bs  understood  frost  tho  supsriaposltion  of 
ths  shear  stress>shear  strain  curres  of  randomly  oriented  single  crystals 

The  influence  of  teogwrature  on  the  extent  of  easy  glide  In  pure 
foe  metals  could  not  be  understood  until  rery  recently.  Now,  howerer,  it  has 
been  shown  that  dislocations  in  pure  foo  metals  "tangle*'  due  to  their  inter- 

63  64 

action  with  point  defects,  in  a  process  which  has  been  named  "ssishrooning**,  *  . 

It  consists  of  a  coadbination  of  glide  and  climb  mechanisms,  causing  originally 
smooth  glide  dislocations  to  form  Irregular  three-dimensional  tangles.  The 
dimensions  of  arerage  tangles  normal  to  the  slip  plane  increase  with  increasing 
temperature.  At  very  low  tmsparatures  '’mushroosdng"  as  such  virtually  ceases, 
although  the  "uncertainty  of  dislocation  axes*  still  causes  senm  slight  move¬ 
ment  of  dislocations  normal  to  their  slip  planes,  even  at  liquid  heliiai 
tenq?erature'^^.  Ihe  result  of  these  processes  is  that  the  sasw  amount  of 
glide  causes  much  more  volxssinous  dislocation  tangles  at  high  than  at  low 
temperatures,  and  the  slip  which  tabes  place  until  a  quasi-uniform  dislocation 
distribution  is  reached,  at  the  end  of  easy  glide,  is  consequently  decreasing 
with  increasing  tenperature. 

It  follows  from  the  preceding  arguments,  and  should  be  stressed, 
that  the  end  of  easy  glide  is  not  caused  by  the  onset  of  seoendary  slip,  as 
was  first  suggested  by  Rohm  and  Diehl  ,  and  has  since  been  widely  accepted. 
True,  the  onset  of  secondary  glide  will  cause  easy  glide  to  end  after  only 
small  additional  shear,  but  easy  glide  will  always  stop  when  slip  has  spread 
quasi -uniformly  through  the  material,  whether  or  not  secondary  or  unpredicted 
slip  has  speeded  this  process. 
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ETld»ne»  on  Rapid  Lln»ar  Hardtiiiwr 

Aao«rding  to  th«  pr<^c«dlna  ar9UMnta«  tho  only  foattiro  oeanon 
to  all  natoriala  at  tho  start  of  rapid  llnoar  hardonlng  la  that  dislocations 
haro  boon  gsnoratod  and  boon  distrlbutod  throTitrhout  tho  spoclnons  to  fona 
a  quasi -unlfom  dislocation  donslty*  Uto  actual  disloeation  arranaaaionts 
at  tho  onsot  of  staqo  II «  howovor#  aro  tddoly  dlfforont  for  dlfforont 
aatorlals  and  tooting  conditions,  as  is  known  from  sxporiaontal  OTidonco. 

For  oxasplo,  purs  foe  notala  aftor  dofomatlon  up  to  tho  start  of  stags  II 
oxhlblt  irrofular  dislocation  tanglos  tdton  tho  dsfonaatlon  took  plaeo  at 
IntonMdiats  tonporaturos,  but  show  littlo  tangling  and,  instsad,  a  profusion 
of  long  drawn-out  prismatic  loops  whon  dofomod  at  vary  low  taaporaturos 
If  ''oaay  glldo"  •  at  a  much  hi;^or  stross  Iswol  -  took  placo  aftor  quonohing 
or  irradiation,  tho  aamo  aotals  show  donso  tanglos,  mostly  allgnod  along 
actiwo  slip  planea  In  fee  alloys  of  ths  a-brass  typo,  by  contrast,  tho 

dislocations  aro  found  in  the  form  of  ssquoncos  of  pilo-iq>s,  hold  up  behind 
obstaolos  ,  often  represented  by  dislocations  with  dlfforont  Burgers 

rooters.  Qua lltati roly  as  well  as  quant itati roly  ths  latter  dislocation 
arrangsnMnt  agrees  quite  well  with  an  earlier  theory  Horoorer,  in 

single  crystals,  slip  up  to  the  start  of  linear  hardening  is  caused  mostly 
by  single  glide,  but  in  polycrystals  anich  multiple  slip  must  haro  taken 
placo  before  linear  hardening  conMneos. 

In  spite  of  these  wide  rariationa  in  tho  dislocation  arrangements, 
the  numerical  ralue  of  the  workhardsning  coefficient  of  stage  II,  is 
amasingly  uniform.  According  to  present  best  knowledge,  all  foe  single  as 
well  as  polycrystals,  eren  germaniisn,  under  any  type  of  circumstances, 
exhibit  a  ralue  of  =  K,  where  0  is  the  modulus  of  rigidity,  between 
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about  ISO  and  aaroral  hundrod,  say,  K  300  in  arorags,  within  tho 

factor  2  both  ways.  . 

Evon  aora  astoundlncr  ars  tho  results  on  steals,  aoeusmlatod  by 
MBoGrs9or  and  his  group  *5-37,70  ^^ilch  have  boon  partly  rofarrod  to  alroady* 

Txtm  thoso  it  appoars  that  a  linoar  workhardoning  cooffioiant  in  tonslen  is 
found  for  stools,  which  is  porslstont  against  OTory  typo  of  protroatasnt  or 
rariation  in  tooting  conditions  whloh  haro  boon  tried,  for  practically  all 
tests  tiado  and  all  stools  inveetigated  this  workhardening  coefficient  equals 
65  kg/ma  tensile  stress  per  unit  tonsils  strain  within  a  factor  of  loss  than 
2  either  «ray. 

This  is  particularly  surprising  since  large  iron  crystals  shew  no 
range  of  rapid'  linoar  workhardening  at  all.  Tho  reason  for  this  so«ss  to  bo 
that  mo  Ludors  band  after  tho  other  passes  through  tho  spocinons,  and  no  ■ 
quasi-unifom  state  of  dislocation  distribution  is  oror  established* 

Unfortunately,  snich  less  theoretical  work  has  been  done  on  the 
geometry  of  slip  in  bcc  ewtals  than  is  arailable  for  fee  Botals.  Therefore 
it  is  difficult  to  say  what  conrersion  factor  should  be  used  to  transform 
the  measured  linoar  workhardening  oeofficlont  in  tension  into  one  corresponding 
to  our  Howoror,  in  view  of  tho  multitude  of  slip  planes  as  woll  as 

Burgers  recton  arailable  (sssumlng  that  in  bcc  polycrystals  not  only  1/2<111> 
but  also  <100>  act  as  Burgers  rectors)  oneriiould  think  that  tho  conrorsion 
factor  from  tensilo  stress  to  shear  stress  as  woll  as  from  tensile  strain 
to  shear  strain  should  be  sonewhat  larger  than  tho  ralue  0.4  taken  abore 
for  fee  ntetals,  and  be  closer  to  the  Uniting  ralue  of  0.5.  With  tho 
latter  ralue,  and  with  G  *=  8000  kg/iss^  one  obtains  K  >=  G/®!!  ^  500, 
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a  valua  ac— what  abora  tha  araraga  but  atill  within  tha  liaita  prarioiialy 
glTan  for  too  raatala. 

Iha  workhardaning  ooaffielant  of  cryatala  of  haxagonal  aatals,  on 
tha  othar  hand«  la  aubatantially  Mallar,  aanunting  to  about  0.7  kg/ann^  for 
Bine  at  rooai  tmparatura.  Thla  aaans  that  tha  prarioualy  introducad  paraawtar. 

K.  giving  tha  ratio  of  workhardaning  ooaffielant  to'nodulua  of  rigidity, 
would  aa»unt  to  aavaral  thouaand.  Moraovar.  as  is  also  tha  casa  for  iron, 
tha  polyerystal  workhardaning  ourra  for  hep  matals  cannot  ba  darivad  from  thosa 
of  tha  singla  orystals.  It  is  tharafora  suhadttad  that  tha  linaar  ranga  of 
workhardaning  soaMtinas  found  in  hop  natal  crystals  is  not  oong>arabla  to 
stags  II  hardaning  in  fee  nstals.  Iha  raason  for  this  may  ba  that  no  quasi - 
xinlfom  distribution  of  dlalecations  (whioh  wa  baliava  is  tha  prarequislta 
for  stags  II  hardanlng)wBS  astabllshad  in  tha  singla  erystallina  hep  natal 
spaciswns  invastigatad  so  far.  This  oould  ultlnataly  ba  a  consaquanea  of  tha 
lack  of  intarpanat rating  sl^p  systans. 

Thaory  of  Linaar  Hardaning 

Fran  tha  forsgoing  it  is  avidant  that  a  gsnsral  thaory  of  stags  II 
hardaning  should  net  dapand  on  tha  aagnituda  of  the  Paiarls  stress,  or  of 
tha  stacking  fault  energy,  nor  on  tha  prasanca  of  dislocation  plla-ups.  nor 
on  tha  occurranoa  of  nultipla  slip,  since  none  of  these  factors  seam  specifically 
to  inf luanoa  tha  value  of  6^ j /G.  It  is  also  plain  that  long-range  internal 
stresses  cannot  ba  responsible,  because  only  an  insignificant  proportion  of 
tha  plastic  strain  la  raraovad  on  unloading.  It  is  tharafora  attaeptad  to 
base  tha  theory  of  stage  II  hardaning  on  no  assumption,  except  that  during 
linaar  hardaning  a  quasi-unifom  dislocation  pattern  exists  whioh  changes 
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in  its  diMnsions  but  rssMins  tiailar  to  itsolff  asy  it  consist  of  pilo- 

♦ 

ups  or  tanglos  or  uhstovort 

One#  tho  Mstorisl  is  filled  with  dislocstionsf  at  tho  ond  of  tasy 
glidtt  all  factors  naaiod  boforo  to  dotomino  tho  frictional  rosistanco 
against  dislocation  notion  ranain  in  action  much  tho  sano  as  in  stags  I| 
namoly  at  about  tho  lovol  of  tho  stross  during  oasy  glido.  By  contrast, 
tho  roaction  of  tho  dislocations  against  bowing  out,  which  is  duo  to  thoir 
lino  tonsion,  and  which  shall  bo  dosignatod  by  tho  symbol  ,  is  groatly 
affoctod.  Tho  roason  for  this  is  that  tho  dislocations  now  start  to  hinder 
oach  othors  motion,  mutually  blocking  or  anchoring  or  pinning  on  parts, 
and  leaving  only  sognonts  of  avoraj*  length  X  free  to  move  coherently. 

Tho  stross  required  (over  and  above  the  total  frictional  stross  duo  to  all 
other  causes)  to  bow  out  a  dislocation  of  length  £  beyond  its  critical 
radius  of  curvature  is  about  equal  to  Gi>/£  ,or 

S  Gt/TF  aa) 

since  it  is  the  longest  coherent  dislocation  lengths  which  are  being 
activated  at  any  given  moment. 

In  a  quasi -uniform  dislocation  array  of  average  free  lengths  £  the 
distance  between  nearest  dislocations  is  c£,  where  c  is  a  number  not  far 
from  unity,  say  between  1  and  2.  A  loop  emitted  from  a  particularly  long 
dislocation  link  will  thus  spread  into  a  loop  of  radiisd  c\  before  its 
different  segments  meet  other  dislocations,  and  it  will  spread  to  an  average 
of  Tj  ■  a  c  C  if  only  the  fraction  a  of  all  dislocations  are  positioned 
so  that  they  could  stop  the  spreading  loop.  A  number  dn  of  newly  formed  loops 
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p«r  unit  TolvM  will  thua  oontiibuta  a  ahaar  atrain  Inoramant 

a  dnbtr^^"  dn  bTf  (eic  I 

Lat«  fvrthar,  the  dial<^tlon  denalty  in  the  erratal  be  giren  by, 

where  ai  la  a  anall  nuabar,  aoaiawhat  depending  on  the  actual  dlaloeatlon 
dlatrlbutlon.  In  a  regular  three'dlaenalonal  network  ■  la  in  the  order  of  S, 
a  little  higher,  aay  n  ■>  S,  for  a  leaa  regular  arrangoaant*  1b  thla  denalty 
the  new  loopa  add,  but  not  to  the  full  extent  of  the  loepe'  einatferenoe. 
Parta  of  the  apreadlng  loopa  encounter,  and  annihilate,  dlalooatlona  of 
^ppoalte  Burgam  rector,  and  thua  not  only  ranlah  theuMelrea  but  in  addition 
eliminate  thoae  dlaloeatlon  aegoenta  which  were  In  their  path.  OQith  portlona 
B0y  react  with  dlaloeationa  In  different  ayatw^ particularly  If  Bultiple  allp 
takea  place.  Aa  a  reault,  dn  newly  fonad  loopa  per  unit  rolune  add 

dLfdn&ZTr^  «) 

to  the  dislocation  denalty,  where  P  la  a  nuaiber  between  0  and  1.  It  la  then 

-2mcL£/£  2irpo<c  £dLii 

Ualng  eg.  (5)  to  axpreaa  dn  in  tanoa  of  d  t  yialda 

dfitt  -ntJC/n’^oCC 


(6) 


e 
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and  bjr  insartincr  thi*  into  aq.  (2)  «n*  obtains 

Finally*  %rlth  oq.  (la)  yioldlnq 

-S-lV  nj  JZjQb  (lb) 

tha  omnaetion  batwaan  d^  and  d|[  is  found  as 

Ihia  axpraaaien  qivaa  tha  ineraaaa  of  that  part  of  tha  atraaa  which  is  dua 
to  tha  lina  tansion  of  tha  dislooation^  rasistinq  tha  bewlng-out  of  links* 
with  tha  inoraasa  of  shaar  dafonottion.  Kara  G  is  tha  laedultis  of  rigidity 
as  bafora*  whila*  to  sua  up,  tha  ethar  paraastars  wara  introduoad  as  follows  t 
m  >  oonnacts  tha  araraga  fraa  dislocation  link  langth*  £  *  with  tha 
dislooation  dansity*  and  Is  astimatad  at  about  5. 

0<  i«  tha  raelprooal  of  tha  fraction  of  dislocations*  anoountarad  by 
a  apraading  loqp,  which  are  oriented  so  that  they  can  stop  its  progress. 

Q  is  a  constant  linking  tha  aresaga  distance  batwaan-  dislocations  on 
the  slip  plana  to  their  average  fraa  langth.  It  probably  has  a  valua  not 
far  from  3/2. 

P  '  is  tha  extra  dislocation  length*  axprassad  as  a  fraction  of  tha 
ciroumfaranoa  of  an  araraga  newly  fomed  loop,  which  is  added  to  tha  dis* 
looatlon  oontant  of  the  crystal  if  one  new  loop  spreads  out. 
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Slno«  it  ia  clalaad  that  tha  inoraaaa  in  la  bjr  far  tha  aoat 
ii^rtant  eontributian  to  MDrkhardanlxKr  in  ataga  II«  tha  norkhardaning 
oeaffloiant  will  ba  eleaa  to  ^  »  and  tha  H  factor*  Introduced 

bafora  aa  K  « 

K  aiTrrtic«/&  =  giroi/jS  ®  G/Qj[  (•) 

Ihla  raault  la  noat  Intriguing.  Kota  In  particular  that  K  doaa 
not  dapand  on  tha  Buxgara  raetor.  Tharafora*  within  tha  liaiita  that  a 
plla«up  of  n  dlaloeatlona  can  ba  ragardad  aa  ona  dlalooatlon  with  a  Burgara 
Tactor  of  n«fold  atrangth*  tha  abova  calculation  can  ba  applied  to  cryatala 
containing  dialocation  pilo>upa*  aa  for  axanpla  a>braaa*  juat  aa  wall  aa  to 
thoaa  containing  tanglaa*  aay  copper,  lha  actual  valuaa  of  tha  paranatara 
nay  vary  aoiMwhat  fron  oaaa  to  oaae. 

In  Older  to  obtain  a  numarloal  value  for  K  it  ia  naeaaaary  to 
Invaatlgata  tha  two  inportant  paraaatara  a  and  0*  all  other  paranatara  being 
knawn  within  fairly  narrow  linita.  f 

Dialocations  ancountarad  by  a  apraading  loop  will  only  block  ita 
pragraaa  If  they  are  favorably  oriented.  Mutually  paipandloular  dlaloeatlona 
will  net  interact  much,  except  that  a  certain  atraaa  ia  ragulrad  for  tha 
actual  intaraaction  (praeuaad  to  ba  aaall  conparad  to  )  and  that  Intaraaction 
joga  are  produced  if  tha  dlaloeatlona  happen  to  have  non^parallal  Burgara 
vactora.  In  flrat  approxination^ it  la  only  parallel  or  naar^parallal  dla> 
loeatiana  which  block  nutually*  and  thua  a  aay  ba  taken  aa  1/3  for  alnost 
randcnly  oriented  dlaloaationa.  and  probably  closer  to  1/2  if  tha  dlaloeatlona 
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ar*  nainly  parallal  to  tholr  ovn  slip  pianos. 

Of  thooo  onoountoro  %«hloh  oauao  blooklncr.  one  half,  in  alnglo 

allde,  will  bo  between  dislocations  of  opposite  slob.  These  will  not  add 

to  the  effectlTo  dislocation  oontlnt  but  In  fact  will  reduce  It.  By  how 

nmoh.  In  aTorage,  depends  on  detailed  olrcumstanees.  In  particular  how 

closely  the  two  slip  planes  conoemed  are  spaced  and  whether  cross  slip 

latter 

and  climb  takes  place  or  not.  In  stage  II  theaej^reoesses  do  not  operate 
OTOr  appreciable  distances,  and  the  net  reduction  of  effeotlre*  dislocation 
length  due  to  encounters  between  a  part  of  a  spreading  loop  and  dislocations 
of  opposite  sign  may  be  estimated  by  assunlng  that  one  half  of  the  encounters 
with  opposite  Burgers  rectors  will  not  glre  any  net  change^ and  one  half  will 
reooTe  an  egual  length.  Loop  parts  which  encounter  dislocations  of  like 
sign  are  assumed  to  be  simply  held  up. 

All  In  all,  then,  one  half  of  an  average  loop  will  simply  be  blocked, 
one  quarter  will  react  to  form  pairs  of  about  the  same  blocking  strength 
as  the  dislocation  originally  present  possessed,  and  the  last  quarter  will 
meet  a  dislocation  segments  of  opposite  Burgers  vector,  leading  to  mutual 
annihilation  and  the  net  removal  of  a  dislocation  length  equal  to  one  cjuarter 
loop  clrctasference.  The  parameter  P  will  therefore  be  p  c:  1/2  -t-  0  -  1/4  >=  1/4. 

With  the  above  estimates  of  a  3(for  almost  randomly  oriented 
dislocations,  vdiich  is  a  good  approximation  for  all  cases  In  which  dislocation 
tangles  are  formed)  and  3  ^  l/4^the  value  of  IC  finally  beccmes 
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A  pair  of  parallel  dislocations  of  opposite  sign  ms  only  a  stress  field 
extending  roughly  to  a  radius  eq\ial  to  their  distance  of  separation. 

Therefore  close  pairs  of  opposite  signs  are  no  effective  barriers  for  further 
dislocations. 
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Quit*  clcarlyt  all  paraiMtars  appearing  in  the  calculation  could 

have  been  shifted  somewhat  one  way  or  the  other »  and  they  have  obviously 

■  been  chosen  so  as  to  give  numerical  agreement  with  the  experimental  average 

value  of  K  ■  300  for  fee  metals*  which  was  quoted  above.  Howwver*  it 

* 

would  be  difficult  to  account  for  K  smaller  than*  say*  100  or  larger  than* 
say*  1000.  Conversely*  some  flexibility  is  necessary  since*  in  nature*  K 
is  not  a  universal  constant  but  d*es  vary  more  or  less  within  those  extreme 
limits. 

Saecial  Features  of  the  Preoesed  Theory  of  Linear  Hardening 
1)  Pinning  Pfcints  Due  tc  Iftjshrecmino^ or  Precipitation. Radiatien  PAmaoe.  etc. 

On  superficial  thought  it  appears  as  if  the  theory  of  mushrooming* 
encompassing  strongly  temperature  dependent  processes*  and  the  temperature 
Independence  of  stage  II  are  mutually  incompatible.  This  is  not  so*  in 
f  act. 

Present  best  evidence  indicates  that  dislocation  tangling  operates 
already  at  the  smallest  strains  In  this  process*  even  during  single 

glide*  anchoring  points  are  formed  along  the  dislocation  lines  due  to 
interactions  with  point  defects  as  well  as  due  to  "Jogs"  formed  through 
dislocation  "uncertainty"  In  a  previous  paper  the  dislocation 

behavior  in  mushrooming  was  considered  qualitatively*  but*  regardless  of 
detailed  behavior  patterns,  easy  glide  will  end  only  when  a  quasi -uniform 
dislocation  density  within  the  specimen  has  been  reached. 

In  stage  II*  in  the  presence  of  additional  strong  pinning*  the 
dislecations  bow  out  between  adjacent  pinning  points*  Just  as  discussed  before* 
and,  again*  the  stress  difference  between  the  applied  resolved  shear  stress  and 
the  total  frictional  stress  on  the  dislecations 'stust  be  inversely  proportional 
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to  the  aTeraga  length  between  adjoining  pinning  pointa.  The  only  major 
difference  now  ie  that  the  pinning  points  are  only  partly,  and  not  ezclusirely 
due  to  the  mutual  blocking  action  of  the  dislocations. 

Let,  then,  the  average  free  length  betmen  pinning  points  dus  to 

the  presence  of  other  dislocations  be  denoted  by  the  symbol  as  before, 

while  the  average  distance  between  pinning  points  due  to  all  other  causes  is 

£,  .  Than  there  are,  on  a  total  length,  L,  of  dislocation  line,  L/  i  and  L/ 

pinning  points  due  to  dislocations  and  due  to  other  causes  respectively.  The 

total  nunber  of  pinning  points  on  length  L  is  thus  L  (1/Z  *  Hi  )»  the  average 

free  dislocation  length  beccmes  A  ^  kt  I  (£■<-£),  and  the  stress  necessary  to 

•  » 

overocme  the  line  tension  of  the  longest  free  lengths  is  now 

=  C3b/1rX  (Ic) 

From  here  on  there  are  no  Important  differences  between  the  con¬ 
siderations  given  above  to  account  for  stage  II  hardening  and  the  present  case 
of  additional  pinning  points:  As  long  as  remains  constant,  workhardening  in 
stage  II  is  again  caused  by  the  blocking  of  moving  dislocations  where  they  en¬ 
counter  near-parallel  dislocation  links,  limiting  the  radius  of  the  average 
expanding  loop  to  ^  a  o  T  ,  and  giving  rise  to  the  shear  increment 
dn  b  rr  (a  c  £ if  dn  expanding  loops  have  formed  per  unit  volume.  Again, 
just  as  before,  the  dislocation  density  is  given  by  afQ.  and,  in  the  same 
way  as  for  normal  stage  II  hardening,  one  obtains  dj  -  mbaedf/pC  ^  (eg.  7). 
The  corresponding  Increase  in  stress,  however,  is  given  by 

d-^^  -  (Gb/TT)  dX /A*  .  (Id) 

but  since,  1/ A  •=!/£+  l/£  one  obtains  dA/X^  =  d6/C,  +  dt  I As  long 

0  Q  O 

as  either  remains  constant,  or  rsisains  proportional  to  i  it  is  dXl?<  =  dtit 

I  -  —A 

,  respectively  dA/A**  Bdi  /C  with  B  a  proportionality  constant.  Hence, 
dT^  =  B  dC^  and  dy  *=  B  (ir  m  a  c/G  3)  d"^,  l.e.  the  workhardening  coefficient 
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i«  not  affeotod  (beyond  possible  changes  In  the  geometrical  parameters)  by 
additional  pinning  points  of  constant  density;  and  is  only  increased  by  the 

•=  1  +  ®^if 
1 

The  aboTe  calculation  applies  equally  to  all  oases  of  additional  pinning,  be . 
it  due  to  mushrooming,  precipitates,  debris  left  by  radiation  danage,  or  any 
other  cause. 

The  above  considerations  can  be  put  into  different  words  and  gen¬ 
eralised  as  follows!  The  stress  increase  on  a  change  of  X  ,  the  distance 
between  adjacent  pinning  points,  is  given  as 

*■  — i  7 

dT^=  .  (Gb/ir)  dX/X*=  -  (Gb/w)  (dt/ £ dljlj  =  dT^+  dTj  (11) 

where  Gb/ir£  and  T^*=  (Gb/ir(!^+  const),  i.e.  it  is  simply  the  sm  of  the 
stress  increase  due  to  the  change  of  £  alone  and  that  due  to  the  chamge  of 
£^  alone.  Moreover,  if  the  extra  pinning  points  give  way  before  the  dislocation 
can  fully  bow  out  between  them,  they  only  add  to  the  overall  frictional  stress, 

"C  in  Seeger's  terminology  As  long  as  Zl  either  remains  constant  or 

rises  linearly  with  the  shear  strain,  linear  workhardening  in  stage  II  will  be 
obcerved.  The  workhardening  rate  which  follows  from  the  increase  in  alone 
is  Ojj  as  derived  above. 

2)  Stored  Energy 

If  dn  dislocation  links  per  unit  volinie  bow  out  to  form  loops,  the 
work  thereby  done  on  the  specimen  by  tho  total  applied  stress,  Z*,  is 

dW^  =  X'd^=ZdnbiTr^ 


t  resuiins  proportional  to  £  as  £  »  • 

0  0 


factor  B  1  + 


lilt) 


IT 


(12) 


22. 


p«r  unit  ToliBM.  ni«  trork  Btor^d^  p«r  unit  toIuim,  1« 


olV4  -  otni  j3  2Fr^  U 


(13) 


trh«r«  U  la  tha  anarsry  par  tinit  langth  of  dlalooatlon  lina.  In  firat 

2 

approxiaatlan,  for  low  dlalooatlon.  danaltlaa,  U  ^  Gb  ,  but  dropping  aena- 

2 

^diat  aa  tha  dlalooatlon  danalty  Inoraaaaa,  aay,  to  a  lowar  ralua  of  U  gb  /ir. 

with  an  araraga  Talua  of  U  cu  Gb  12,  and  naglaoting  tha  frlotional 
atraaa  on  tha  dlalooatlon  by  aquating  tha  ratio  of  atorad 

anargy  to  work  Input  baoonaa 

dUs/fltiy--¥pA/co<£  V2j(i>X/oit 

Introduolng  G/0jj  *=  K  =  300  fnm  Eg.  (10)  aboTa  it  ramalna 

»{l4ir/KXA/e)»l6(A/0% 

For^aoft"  inatala,  l.a.  matala  in  which  A.  =  6  and  in  >diloh  tha 
frlotional  atraaa  on  tha  dialooatlona  la  anall,  up  to  about  16%  of  tha  anargy 
Input  la  thua  atorad  according  to  tha  praaant  thaory»  laaa  for  othara.  So 
far^  tha  contribution  made  to  atorad  anargy  by  tha  ganaratlan  of  point  dafaota 
haa  baan  naglactad.  If  point  dafact  genaratlon  and  the  frlotional  atraaa  on 
dlalocationa  ara  alao  taken  into  aooount,  the  Talue  of  dW^/dWj^  la  alightly 
reduced  alnce  point  defect  genaratlon  probably  aooounta  for  nuoh  but  not  all 
of  tha  frictional  atraaa.  The  atorad  anargy  haa  alao  bean  OTereatlnated  for 
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another  reason i  ha  tha  dislocation  donsity  incroasos,  not  only  ths  lino 

unLi  Ltnqfh 

enorgy  for  nswly  fonnsd  dislocations  docroases,  bat  tho  lino  €nozyyj[of  tno 

total  dlslooatimi  content.  All  in  all,  then,  wo  arriro  at  tho  rooult  that 
ptreont^ 

only  soyoralT^and  up  to  about  ono  sixth  of  tho  work  dono  during  plastic 

dofomstlAn  is  rotalnod  as  stored  energy.  Ihis  is  in  agroosiont  with 

71 

oxparlnontal  oridonco  . 

3)  Moan  Free  Path  and  Slip  Line  Lengths 


If  the  movement  of  several  dislocations  takes  place  cooperatively. 


in  particular  if  pile-ups  are  formed,  the  workhardening  rate  in  stage  II  ia 
about  the  same  as  for  the  independent  notion  of  single  dislocations,  because 
of  the  feature  pointed  out  al^ready,  that  the  Burgers  vector  does  not  appear 
in  tho  expression  for  6j^.  Hence,  to  the  extent  that  pile-ups  can  be  approximated 
to  super-dislocations,  the  theory  remains  almost  unaffected.  Average  dislocation 
paths,  however,  are  then  not  a  few  times  the  distance  between  neighboring  dis¬ 
locations,  but  a  few  tines  that  betwesn  neighboring  pile-ups.  At  the  sane 
time,  the  relative  displacnnent  of  the  two  sides  of  a  slip  plane  which  is 
caused  by  an  expanding  super-loop  of  piled-up  dislocations  is  equal  to  the  sum 
of  their  Burgers  vectors.  Slip  lines  and  slip  bands  will  thus  arise.  Since 
the  workhardening  rate  is  the  same  in  either  case  one  may  Tinderstand  vdiy  slip 
bands  and  "elementary  structure"  73,74^  somewhat 

coordinated  and  almost  coopletely  uncoordinated  dislocation  motion,  so  often 
exists  side  by  side  in  the  sasw  specimen. 

In  the  framework  of  the  present  theory,  the  slip  line  length,  i.e. 
the  final  dieunster  of  an 


A=  ^  irG-abocc/T^ 


(IS) 


Die  asterisks  hSTs  bsen  ussd  to  dlrsct  ths  attsntion  of  ths  rsadsr  to  the 


fact  that  groups  of  n  dislocations  may  tnore  coopsratlYsly,  whose  effective 
Burgers  vector  Is  ^  nb,  and  whose  average  fres  lengths  are  connected 
with  f  the  difference  between  the  applied  stress  “C  and  the  frictional 
stress,  as  ^  =  G  b  /IT  C, 

In  first  approxisiatlon,  the  frictional  stress  may  be  taken  equal 

to  the  stress  level  during  easy  glide,  T  ,  l.e.X,  »  77  ”  T"  •  Since 

0^0 

experimentally^  In  stage  II,  +  (G/K)  (  ^ Indicated  in  Fig.  1, 

and,  therefore,  obtains 

A*T  K  Ki  bo<c/C)j'-')(o)  (16) 

and  with  K  «  it  m  ou:/P  *=  300,  a  3,  c  ^  3/2  and  b  =  2.8  x  10”®  on  this  la 


cm 


{16a) 


Experimental  deteimlnatlons  of  slip  line  lengths  ^»53, 75,76 
indeed  yield  a  relationship  of  the  fom  A  ==  A/(  y  -  ),  with  the  proportionality 

constant  for  copper  found  as  A  b;  6  x  10’^  on,  plus  minus  301  or  so.  This 
Indioates  (as  also  doss  much  experimental  evidence), that  in  copper  no  proper 
pile-ups  are  formed,  but  that  n  Is  a  number  about  S,  -and  presumably  lees  in 

IP 

average  since  only  the  longer  nx>re  proninent  lines  have  been  measured.  '  'Rtese 
preninent  lines  cannot  themselves  have  been  due  to  the  emission  of  Just  five 
consecutive  dislocations.  Several  or  many,  but  not'  intimately  connected 
processes  of  loop  formation  must  have  taken  place  In  close  proximity.  It 
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is  aug^wsted  that  th«  explanation  for  such  repeated  action  is  similar  to 
the  one  put  forward  in  an  earlier  paper  ,  namely  that  the  annihilation 
of  a  link  due  to  part  of  an  expanding  loop  rmnoves  an  obstacle  for  a 
nel^Aiboring  link  to  act,  and  so  on. 

In  this  same  paper  measurements  on  the  aTerage  length  of 
elementary  lines  in  alumlntin  single  crystals  are  quoted,  together  vrith  the 
resolved  shear  stress  which  had  been  applied.  T^e  product  TW  in  these 
measurements  is  apparently  a  constant  of  average  value  11.  G  X  10^  cm 

dynos/cm^.  This  may  be  compared  with  the  equation  (l5^  above.  If  is 
neglected  in  coisparalon  to  ^  if  n  is  taken  equal  to  one,  (since  dislocations 
in  aluminum  do  not  form  obvious  pils-ups^  if,  furthsr,  ths  approprlats  values 
for  G  and  b  are  Inserted,  and  if  a  and  c  are  again  taken  as  3  and  1.5 
respectively,  one  obtalne  VA.**  10.8  x  10*  cm  dynes /cn^. 

The  close  numerical  agreement  between  the  theoretical  formula  and 
these  old  measurements  is  to  some  extent  fortuitous,  but  it  does  strengthsn 
ths  oonfidsnce  in  ths  quoted  measurements,  and  also  provides  a  simple  ex¬ 
planation  for  elementary  lines,  namsly  extrsmely  fine  cracks  formed  in  oxide 
layers  where  single  dlslocStions  have  moved.  These  would  not  tangle,  as 

s  C  R  ^  R  A 

was  pointed  out  repeatedly,  *  '  because  point  defects  which  could  in¬ 

teract  with  them  leave  through  the  free  surface. 


4)  Dislooatioin  Density 


The  dislocation  density  in  the  present  theory  is  given  by  ^  m/ 
with  m  about  5.  With  X”  “C" 


this  yields 


(17a) 


1 
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^  V  m  CTcr-tJ/Gk]' 


(17b) 


Although  thea*  exprcaalons  yield  values  of  approximately  right  magnitude 

for  ^  «  it  seeeia  that  the  dependence  of  dislocation  density  on  stress  and 

strain  is  mostly  found  differently,  namely  rising  more  slowly,  Only 

Bailey  and  Hirseh  found  a  parabolic  relationship  of  the  predicted  form 

.  X 

for  polycryatalllne  silver,  namely  9  m  0.6  x  10"®T’  (equation  (17b)  yields 

.6  2-  . 

^■0.8’‘<0  for  sllve^  One  of  the  reasons  why  measurements  usually 

give  too  low  dislocation  densities  at  higher  strains  probably  lies  in  the  fact, 

mentioned  already  before,  that  the  energy  of  unit  length  of  dislocation  line 

drops  with  increasing  dislocation  density. 

5)  The  Role  ef  Intersection  Jogs 

•Then  single  crystals  of  pure  fee  metals  are  strained,  so  that  they 

change  from  single  slip  to  double  glide  within  stage  II,  no  break  is  observed 

in  the  workhardening  curve.  In  the  framework  of  the  present  theory  there 

would  be  scope  to  account  for  differences  of  K  between  macroscopic  single 

and  double  glide,  inasmuch  as  the  parameters  a  or  3  or  both  could  change. 

a 

However,  there  is  noJ|^rlor«  principle  to  indicate  in  which  direction  the 
change  should  go.  The  factor  a  sliould  be  little  changed  by  multiple  slip 
because  a  dislocation  will  be  blocked  in  its  progress  if  it  counters  another 
one  nvore  or  less  parallel  to  itself,  regardless  of  the  direction  of  the 
latters  Burgers  vector;  either  annihilating  it,  or  reacting  with  it  to  give 
a  dislocation  on  a  different  slip  plane,  or  Just  being  blocked  by  it.  The 
parameter  3,  on  the  other  hand,  is  affected  in  two  opposing  directlonsi 
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Encounters  in  vhlch  the  two  dlelooatlen  seonents  annihilate  alt«9^ther 
become  proportionately  fewer  in  aultiple  glide,  but  encounters  in  whi%:h  the' 
dislocations  get  sinq;>ly  blocked  also  becosm  fewor.  Instead  more  dislocation 
reactions  take  place  in  which  one  new  dislocation  is  foraed  from  two  old  ones. 
All  in  all,  the  increase  in  3  because  of  the  reduction  in  dislocation 
annihilations  would,  for  equal  nvnbers  of  occurrsnoes,  more  than  counter¬ 
balance  the  decrease  due  to  fewer  simple  blockings,  but,  in  second 
approximation,  it  must  be  borne  in  mind  that  loutually  repulsire  dislocations 
on  intersecting  systems  can  bypass  each  other  more-  readily  than  those  on 
parallel  slip  planes.  Since  thus  it  is  not  clear  in  which  direction 
should  change,  the  conclusion  is  close  at  hand  that  the  change  cannot  be 
drastic. 


Honotheless,  thedasence  of  any  kink  or  discontinuity  in  the  work¬ 
hardening  curre  of  pure  fee  metals  to  indicate  the  beginning  of  double  glide 
is  somewhat  surprising.  After  all,  intersection  Jogs  must  be  foraed,  and 
they  are  known  to  cause  a  drag  on  dislocations,  (see  for  exanple  45,  85,  84). 
Still,  there  are  a  few  reasons  which  may  account  for  this  fact:  (i)  Lika 
single  slip,  at  the  beginning  of  plastic  deforaation,  double  glide  in  pure 
fee  metals  does  not  start  discontlnuously.  (ii)  Mush'kocinlng  as  well  as  the 
uncertainty  of  dislocation  axes  cause  a  high  density  of  "Jogs"  eren  in  the 
absence  of  intersecting  dislocations,  and  also  remove  them  in  statistical 
equilibrium  so  that  there  may  be  no  peraanent  change  in  Jog  density. 

(lii)  Hie  frictional  stress  due  to  all  causes,  including  the  Jogs  caused  by 


ntushrooining,  is  only  in  the  order  of  T*  ,  l.e.  usually  small  cocapared  to  the 

o 

stress  at  which  double  glide  starts.  Therefore  the  extra  hardening  effect 

whicK  is 

of  the  intersection  jogs^presumably^lso  coaparable  to  or  smaller  than  , 
is  small  conqpared  to  TT^  . 
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nia  conditions  ars  quits  diffsrsnt,  though,  fsr  foe  alloys  of  ths 

a-brass  typs,  as  wsll  as  in  purs  foe  mstals  aftsr  qusnohlnq  or  irradiation  • 

In  those  casea,  the  primary  dislocations  are  assembled  into  bands  of  high 

density,  parallel  to  the  active  slip  planes.  Dislocations  on  the  secondary 

system  can  break  through  these  only  vd.th  difficulty,  resulting  in  over“ 

shooting  52, 53,85  ^  alloys,  moreover,  no  appreciable  mushrooming 

takes  place,  nor  are  many  "Jogs"  formsd  or  eliminated  through  dislocation 

uncortainty.  Therefore  the  resolved  shear  stress  in  a-brass  does  not  drop 

back  to  a  much  lower  level  once  the  second  system  has  started  to  act,  but  the 

intersection  jogs  have  permanently  raised  the  level  of  the  flow  stress,  nie 

said  dlfflcxilty  for  dislocations  to  intersect,  as  the  main  distinction  between 

a“brGB6  type  alloys,  one  the  one  hand,  and  pure  fee  sietals  (>4icre  dislocations 

intersect  easily)  on  the  other  hand,  was  already  pointed  out  and  discussed 

38 

in  an  earlier  paper 

6)  Pte  Proiwrtlonality  Between  the  Tsnperature  Dependent  and  the  Temperature 
independent  ^art  of  the  Flow  ^^ress 

In  the  recent  literature  much  srq>ha8i8  is  put  on  experiments  in 
which  a  metal  is  strained  under  certain  testing  conditions  and  then  abrupt 
changes  are  made  in  tenq?erature,  speed  of  testing,  or  by  repeatedly  changing 
between,  say,  single  extension  to  twisting  so  that  intersecting  slip  systems 
are  activated  H»15,75,76,86-93^  Such  experiments  allow  to  determine  what 
fraction  of  the  observed  flow  stress  is  due  to  tenqperature  independent 
processes  (our  )  and  what  fraction  is  due  to  thermally  activated  processes 
(  ),  or  they  allow  conclusions  ebodt  the  hardening  due  to  intersecting 

dislocations.  The  results  indicate  (i)  that  additional  dislocation  intersections 
raise  the  flow  stress  in  stage  lit  by  only  a  comparatively  small  amount. 
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(il)  that  the  rat*  of  ata^e  IT  hardeninor  1*  unaf footed  by  changes  in  the 
testing  conditions  once  the  speclnen  is  strained  beyond  a  certain  transition 
stage,  (ill)  that  in  stag*  II  up  to  about  101  or  201  of  the  flow  stress  is 
due  to  themally  actlTated  processes,  and  (It)  that  the  temperature  dependent 
part  of  the  flow  stress  is  linearly  related  to  the  whole  flow  stress,  being 
almost  proportlmial  to  it,  not  only  in  stag*  II  but  also  in  stag*  III,  in 
single  and  In  double  glide  and  *T*n  after  quenching  The  proportionality 

factor,  linking  the  change  in  flow  stress  for  a  certain  change  in  temperature 
or  speed  of  testing  to  the  flow  stress  before  the  change,  does  depend  on 
temperature  but  not  obTiously  on  any  other  parameter.  This  experimental 
fact  is  called  the  Cottr*ll<.Stok**  law. 

While  points  (i)  to  (ill)  abore  are  clearly  in  agreement  with  the 
present  theory,  point  (ir)  merits  some  discussion.  A  linear  relationship  of 
the  type  found  would  not  be  surprising  in  stag*  II,  if  it  is  considered  that 
the  temperature  dependent  processes  which  cause  the  linear  hardening  rate  during 
easy  glide  persist  also  in  stages  II  and  III,  and  the  consequent  linear  increase 
in  is  superimposed  on  stage  II  hardening.  This  is  consistent  with  the  point 
made  in  subsection  1)  abore,  and  is  more  or  less  the  position  taken  in  the 
theories  followed  by  Seeger,  Haasen  and  coworkers. 

Adams  and  Cottrell  ,  on  the  other  hand,  expressed  the  rlew  that 
the  dislocation  arrangements  stay  similar  to  themselves,  changing  in  scale 
only,  and  that  this  accounts  for  the  proportionality  between /ITand  T  . 

Basinski  finally,  stresses  that  AT  and  T  are  proportional 
because  both,  T  and  Zl  are  due  to  the  same  cause,  namely  the  intersection 

*  c 

between  glide  dislocations  and  forest  dislocations.  The  temperature  Independent 
part  of  the  flow  stress,  in  his  view,  is  due  to  the  elastic  repulsion  between 
the  intersecting  dislocations  ps  well  as  their  partlals,  while  the  temperature 
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dapondant  part  !■  du«  to  the  aortual  Interaeotlona. 

Ihe  first  of  the  three  approaohes  has  noieh  to  oosnend  itself,  but 
it  breaks  down  in  stage  III;  as  does  the  idea  of  Adaes  and  Cottrell,  since  in 

stage  III  irregular  f-angles  giee  way  to  a  cell  structure  (see  for  exanple 

go 

Swann  )>  The  third  theory  has  the  defect  that  one  cannot  see  how  forest 

dislocations  can  cause  so  nuoh  hardening,  and^indeed^altemating  tensile 

and  twisting  exj)erlinents  11»75,76,86  contribution  to  hardness 

due  to  intersecting  dislocations  in  pure  fee  metals  is  not  large.  Also  a 

Tory  strong  orientation  depmdenoe  of  6^^,  and,  presumably,  a  change  in  6^^ 

at  the  onset  of  double  glide  should  be  expected  if  "forest"  hardening  was 

really  the  dooinant  factor  in  workhardsnlng. 

The  objections  to  the  three  ideas  prsTiously  offered  depend  on  the 

accuracy  with  which  the  Cottrell .Stokes  law  is  obeyed  srsn  in  stage  III,  and 

j^or  pure  ^cc  metoL^ 

after  quenching.  Assualng  tha^there  Is  in  fact  no  change  at  all  in  the 
proportionality  constant  linking  /SC  and  TT  ,  during  single  as  well  as 
multiple  glide,  in  stage  II,  in  stage  III  and  after  quenching^ then  this  must 
be  taken  as  clear  eridence  that  the  tenperature  dependent  and  tssperature 
independent  parts  of  the  flow  stress  ere  firstly  more  intimately  connected 
than  assumed  by  Seeger,  end,  secondly,  that  dislocations  on  primary  and 
secondary  systems  cannot  act  materially  differently,  ruling  out  Basinski's 
approach. 

In  the  framework  of  the  present  theory,  the  Cettrell-Stokes  law 
can  be  understood  for  pure  foe  metals,  and  in  a  modified  form  also  for  bcc 
metals.  These  are  the  substancei^  in  tdxloh  dislocations  tangle  profusely. 
Here  it  is  agreed  that  aside  from  cross  slip  and  cllsdo,  which  will  be  die- 
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ou*««d  in  connection  with  stage  III,  (1)  thermal  activation  cannot  materially 
assist  dislocations  to  break  free  from  the  obstacles  presented  by  parallel 
or  near.parallel  dislocation  segments,  which  is  the  foundation  of  the  theory 
of  stage  II  given  in  the  present  paper,  and  (ii)  that  dislocations  which 
have  to  be  Intersected  make  a  contribution  to  the  tasperature  dependent  part 
of  the  flow  stress,  (plus  a  small  contribution  to  the  temperature  independent 
part,  which,  however,  shall  be  neglected). 

As  long  as  the  dislocations  form  three.dlmensional  tangles,  made 
up  of  almost  randomly  oriented  sections,  (which  may  be  Isolated,  or  spread 
out  along  active  slip  planes^ or  may  be  assembled  into  cell  walls),  any  segment 
of  a  spreading  loop  will  meet  roughly  twice  as  many  dislocations  which  are  so 
steeply  inclined,  to  it  that  they  are  intersected,  than  links  which  are  so 
nearly  parallel  that  they  block  its  progress.  Hence,  the  tonperature  assisted 
intersections  are  always  in  a  fixed  ratio  to  the  temperature  Independent 
blockings,  i.e.  the  distance  between  Intersections  always  in  a  fixed  ratio 
to  the  mean  dislocation  length  £  ,«>4iich  determines  thit  temperature  independent 
part  of  the  flow  stress.  This  is  true  only  to  the  extent  that  tangles  or 
cell  walls  can  be  taken  to  consist  of  randomly  oriented  dislocation  sections, 
but  it  remains  true,  in  first  approximation,  even  for  multiple  slip,  and 
thereby  the  Cottrell-Stokes  law  is  explained. 

An  Irregularity  arises  for  small  strains  because  there  are  other 

contributions  to  besides  dislocation  intersections,  and  the  fonser  are 

8 

the  more  prominent  the  lower  the  strain. 

i 

The  transition  regions  which  are  observed  in  all  experiments  of 
changing  the  testing  conditions  are  not  surprlslngs  Firstly,  the  equillbrltiB 
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distribution  of  Jocrs  and  of  suporjogs,  due  to  dislocation  intersections  as 

to  jome  exfe/it 

well  as  nmshrooming  and  the  uncertainty  of  dislocation  axes  imistj^epend 

on  crystal  orientation,  strain,  strain  rate  and  tsaperature.  As  a  specimen 

is  \inloaded,  the  mcnentary  dynamical  equilibrium  of  sxiperjegs  and  jogs  is 

frozen  in,  but  it  reestablishes  itself,  though  at  a  different  lerel,  after 

a  small  additional  deformation  under  the  changed  testing  conditions.  Secondly, 

small  rearrangements  may  take  place  eyen  on  unloading,  and  these  are  beliered 

to  be  at  least  partly  responsible  for  the  so-called  Haasen-Kelly  effect 

Thirdly,  some  of  the  point  defects  generated  during  slip,  and  still  unabsorbed, 

diffuse  to  and/or  along  the  dislocations  to  lock  then  during  ageing  experiments. 

‘nils  last  effect  was  shown  to  account  for  the  recovery  of  damping  and  modulus 

changes  after  deformation  by  Granato,  Hlkata  and  Lucke  and  gives  rise  to 

Q7  Qfl 

yield  points  after  unloadlng^or  ageing^or  both 

Since  the  presence  of  dislocation  tangles  is  held  responsible  for 
the  Cottrell -Stokes  law,  this  should  also  hold  in  bcc  metals  under  such 


conditions  that  tangles  are  formed,  except  that  some  cospllcations  arise 
because  presumably  the  Pelerls-Nabarrajstress  as  well  as  Cottrell  locking  con¬ 
tribute  much  more  to  'T'g  than  they  do  in  pure  fee  metals.  In  a-brass  type 

alloys,  on  the  other  hand,  no  tangles  are  formed  up  to  substantial  strains 

I 

and,  therefore,  the  Cottrell -Stokes  law  should  not  be  obeyed  in  them.  Pre¬ 
liminary  investigations  on  a-brass  are  in  agreement  with  this  conclusion 

Theoretical  Considerations  on  Stage  III  Hardening 

11  12 

Following  Seeger's  theory  '  the  onset  of  stage  III  is  \isually 
ascribed  to  the  beginning  of  profuse  cross  slip,  facilitated  by  stress  and 
thermal  activation. 


Obviously,  cross  slip  must  reduce  the  parameter  P  in  the  present 
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theory,  since  some  fraction  of  the  dislocation  segments  which  are  held  up 
at  attracting  parallel  or  near-parallel  dislocations  can,  by  cross  slip, 
coalesce  with  these,  and  either  annihilate  mutually  or  undergo  a  faeorable 
dislocation  reaction.  At  the  sane  time,  the  paraneter  a  is  increased  by 
cross  slip  because  dislocation  segments  which  would  otherwise  be  held  up  by 
dislocation  links  repelling  then,  can  cirounvent  these  obstacles  through 
cross  slip. 

liader  and  Seeger  haye  pointed  out  that  the  preferential  elimination 
of  screw  dislocations  by  cross  lip  explains  the  generation  of  deforaation  bands 
in  stage  III  which  was  observed  by  them.  Although  their  model  is  specific^ 

and  does  not  correspond  to  experimental  fact,  their  reasoning  can  be  adapted 
to  other  dislocation  arrangements. 

As  far  as  the  theory  of  linear  workhardening  is  concerned,  no  drastic 
changes  are  anticipated  through  the  action  of  cross  slip.  Linear  workhardenlng 
is  expected  to  persist  until  or  unless  climb  takes  place,  but  the  discussed 
decrease  of  the  parameter  P/a  must  lead  to  a  corresponding  decrease  of  the 
workhardenlng  coefficient,  which  Recording  to  eg.  9  is  given  by  0  s  (G/Sir)  0/a. 

In  this  connection  it  may  be  significant  that  stagelll  sometimes 
takes  the  form  of  a  transition  range,  followed  by  almost  linear  hardening^ 
which  then  gives  way  to  a  curved  final  section  with  continuously  decreasing 
slope.  The  linear  range  in  stage  III  was  particularly  noticed  and  Investigated 
by  Haasen  who  connents  that,  Gjjj,  the  coefficient  of  workhardenlng  in  the 
linear  range  of  stage  III,  "depends  on  tesperature  in  much  the  same  manner"  as 
®II'  ratio  of  being  about  10  i  6  for  nickel  between  78*K 

and  300®1C,  and  a  little  smaller,  i.e.  Ojjj  proportionately  a  little  larger, 
at  very  low  temperatures. 
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17118  result  ia  moat  intriguing  when  taken  together  vdth  the  eeldence 

presented  in  the  early  part  of  this  paper  that  the  ralue  of  K  <= 

fee  metals  is  about  300  while  that  derived  from  polyorystalllne  iron  and 

linkOLr 

slxaple  steels  is  500.  The  ratio  of  the^mrkhardening  rate  in  letsge  IH  for 
metals  gliding  with  profuse  cross  slip  (iron)  to  those  gliding  without 
(fee  metals  in  stage  II),  hence,  i^the  same  as  the  ratios  of  the  workhardening 
rate  in  the  linear  portions  in  stages  III  and  II  of  fee  metals,  namely  6  :  10. 
Frcn  this  it  seems  reasonable  to  conclude  that  the  action  of  profuse  cross 
slip  reduces  the  value  of  the  parometer  P/a  to  about  6/10  its  value  for  glide 
without  cross  slip,  but  does  not  otherwise  affect  the  present  theory  of 
workhardening  very  greatly.  ITie  theory  of  linear  hardening  is  therefore  also 
applicable  to  bcc  metals,  and  by  inference  to  substances  like  AgCl  vdiich 
show  pronounced  pencil  glide,  but  with  thijparameter  3/a  taken  as  0.6/(3  x  4)  w 
1/20,  more  or  less.  ^ 

Beyond  the  linear  range  of  stage  III,  if  it  is  present  at  all,  the 
vrorkha rden ing  rate  drops  further;  down  to  zero  in  scsm  cases.  A  reduction  in 

cannot  account  for  this,  since  "V-  is  usually  small  centred  to  the 

•  '.n 

flow  stress^o  begin  with.  The  only  obvious  reanaining  cause  for  the  further 

reduced  vxjrkhardening  rate  is  dislocation  cliiab*,  respectively  "conservative 

climb"  This,  coupled  with  slip  and  cross  slip,  allows  any  arbitrary 

dislocation  motion,  and  thus  allows  the  mutual  annihilation  of  any  type  of 

dislocations,  with  a  consequent  reduction  of  the  workhardening  rate.  Only 

this  final  part  of  the  viorkhardening  curve  thus  is  due  to  "dynamical  recovery". 

AitKougk,  teclhnlcally,  mushrooming  represents  a  type  of  olin^  it  is  not 
referred  to  as  such  in  the  present  paper,  since  it  is  better  understood 
as  slip-induced  precipitation  of  point  defects 


-ss- 

It  •••ns  parfeatly  po«slbl«  that  dlaleoation  ollab  nay  b«crln  to 
oporat*  aactonslTcly  bafora  croaa  allp.  In  that  case  no  llnaar  ranga  Is 
axpaotad  to  ooour  In  stags  III.  Which  of  tha  two  nachanlams,  olinb  or  crass 
slip,  baglna  to  oparata  first,  depends  on  sararal  factors.  In  bcc  natals 
cross  slip  will  alnost  Invariably  begin  before  clinb,  and  tha  opposite  is 
trua  for  hop  natals.  In  foe  metals  the  ease  of  cross  slip  is  prlnarily  a 
function  of  tha  stacking  fault  energy,  as  first  pointed  out  by  Schoeck  and 
Saeger  while  climb  Is  primarily  a  function  of  tasting  tanparatura  relative 

to  tha  malting  point.  For  this  reason,  care  must  be  taken  in  exparimants 
designed  to  evaluate  tha  stacking  fault  energy  from  tha  stress  at  >d\loh 
stage  III  begins,  since,  sematinae,  tha  onset  of  stage  III  indicates  not  the 
beginning  of  cross  slip  but  of  climb. 

(i)  Easy  glide  is  explained  as  tha  range  during  which  the  specimen 
is  gradmlly  filled  with  dislocations.  Non>unlfom  stress  distribution  in 
this  region  may  give  tha  appearance  of  werkhardaning.  The  true  workhardaning 
eeepenent  in  easy  glide  is  primarily  due  to  the  aocunulation  on  tha  dislocations 
of  Jogs,  and  tha  interactions  between  point  defects  and  dislocations,  nie 
resultant  stress  increase  oontrlbutes  to  the  tempera ture  dependent  part  of 
the  flow  stress, 

(11)  Since  the  stress  during  easy  glide  does  not  change  much,  and 
since  it  is  this  which  detemlnee  the  dislocation  density,  the  extent  of  easy 
glide  is  largely  determined  by  the  average  path  of  the  dislocations  in  this 
first  stage.  'Hie  dependence  of  the  extent  of  easy  glide  on  orientation, 
taoperature,  inpurity  content  and  alloying  can  be  simply  explained  on  this 


basis 
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(lii)  Th«  md  of  May  crlido  is  rsnchsd  whsn  a  quasi-unlfora 
dlsleoatlon  distribution  has  bssn  established  in  the  speoinen.  It  is  not 
directly  o<»mected  with  the  beginning  of  double  glide,  but  double  glide 
leads  to  the  drastic  reduction  of  mean  free  dislocation  paths,  so  that 
the  wtset  of  cmltiple  slip  causes  easy  glide  to  end  after  only  small  additional 
strains. 

(Iv)  Experimental  evidence  shows  that  the  dislocation  arrangements 
during  and  after  easy  glide  differ  widely  for  different  materials  and  testing 
conditions,  even  for  specimens  whi^h  subsequently  defom  with  similar  values 
of  K  *=  where  G  is  the  modiilus  of  rigidity  and  0jj  is  the  Morkhardenlng 

coefficient  in  stage  II.  It  seems  therefore  futile  to  build  theories  of 
stage  II  on  models  enploying  specific  dislocation  arrangements.  Consequently, 
a  theory  of  stage  II  hardening  is  developed  which  rests  on  a  few  basic 
principles  only. 

(v)  Ihree  fundamental  assumptions  are  made.  Firstly,  that 
during  stage  II  a  quasi-unifom  dislocation  diitribution  exists  which  remains 


similar  to  itself  and  changes  in  scale  only.  Secondly,  that  the  average 
dislocation  density  ^  Is  connected  to  C  ,  the  average  length  of  the  dis¬ 
location  segments  i>d\ich  move  coherently,  as  '=m/£^.  Thirdly,  that 
workhardening  in  stage  II  is  mainly  the  result  of  incnsaslng  dislocation 
density  and  the  resultant  decrease  in  t  ,  to  which  the  teopezature  independent 


part  of  the  flow  stress  la  connected  aa  T  *&b/irc . 

(vl)  With  the  above  three  assumptions,  the  expression 
is  derived.  In  s  geometrical  factor  not  far  from  unity,  and  taken  as 


1.5,  a  is  the  reciprocal  of  the  fraction  of  all  encounters  between  parts 
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of  •xpandingr  dislocation  loops  and  stationary  dislocations  which  block  thslr 
further  morsnent;  and  P  la  the  fraction  of  the  total  length  of  a  newly 
expanding  loop  which  renalns  trapped,  adding  to  the  dislocation  content. 

(yH)  It  Is  argued  that  only  dislocations  which  are  nearly  parallel 
can  block  each  others  progress,  yielding  ot‘9l2>  •  Further  It  is  deduced  that 
p  should  be  about  1/4,  since  certain  loop  parts  will  coalesce  or  alnost  coalesce 
with  dislocations  of  opposite  slgm,  and  thus  not  only  Tanlsh  theoselYss  but 
in  addition  renovc  the  dislocations  which  they  encountered.  As  a  result 
X  *=•■  becomes  equal  to  about  100  ir,  in  good  agreement  with  the  ralue 

observed  for  pure  fee  metals. 

(vili)  Since  the  expression  for  X  does  not  contain  the  Burgers 
vector,  the  theory  is  applicable  to  crystals  in  which  the  disloeatiom  from 
pile-ups,  to  the  extent  that  the  pile-iipe  can  be  regarded  as  super  dislocations. 

(ix)  Additional  dislocation  pinning  adds  to  T'^  if  it  is 
tenperature  dependent,  but  does  not  change  the  value  of  IC  as  long  as  the 
pinning  r«:aaina  constant.  If  the  number  of  additional  pinning  points  or  their 
strength  depend  linearly  on  the  shear  strain,  the  linear  workhardening  law 
is  still  conserved,  but  with  a  changed  value  of  These  results  are 

applicable  to  any  kind  of  pinning,  be  it  due  to  Jogs,  precipitates,  point 
defect  or  impurity  locking,  or  "toushrooming". 

(x)  The  theory  predicts  that  only  up  to  about  one  sixth  of  the 
work  done  on  a  specimen  in  the  course  of  defematlen  in  stage  II  is  retained 
as  stored  energy. 

(xl)  In  stage  II  the  average  slip  line  length  is  found  as 

cm  the  shear,  the  shear  at  the 

end  of  easy  glide,  and  n  the  number  of  dislocations  moving  together  in  a 
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Thla  acrrcM  wall  with  ntaasuramants  on  ooppar  and  altsalnm  if  n 
is  takan  aqual  to  5  and  1  raapaotlraly,  and  ia  oonaidarad  to  bo  a  aatiafaotory 
raault  in  Tiaw  of  tha  fact  that  dlraot  obaanrationa  in  thin  foila  of  pure 
foo  aatala  hava  narar  ravaalad  any^  pronounced  dialocation  pilaoupa. 

(xii)  Tha  dialooation  danaity  in  atage  II  ia  giwan  by  about 

jar 

(xiii)  It  ia  difficult  to  decide  in  which  direction  8^^  ahould  be 

changed  through  aultipla  alip,  and  it  ia  therefore  oonoludad  that  tha  change 

cannot  be  draatic.  Ihia  ia  in  agraaaant  with  axparinantal  fact* 

(xIt)  Tha  Cottrell-Stokas  law  ia  explained  for  all  oryatala  i^ioh 

fom  dialocation  tanglea  coiq3oaed  of  alooat  randonly  orlontad  dialooation 

aigaanto.  In  auch  caaaa  the  aoTing  dlalooationa  encounter  roughly  twice 

aa  Many  dialtfoationa  tfhich  they  Interaeot  aa  thoae  which  are  alnoat  parallel, 

and  block  thoir  progreea.  In  other  worda,  the  denaity  of  "feroat''  dialocationa 

reanlna  proportional  to  the  total  dialooation  denaity,  l*o*  the  ayerage 

diatance  between  foreet  dialocationa  rwalna  proportional  to  the  arerage 

oohorently  Boring  dialocation  length  ? .  As  long  aa  the  teag)orature  independent 

part  of  the  flow  stress  la  inreraely  proportional  to  ^  ,  with  the  sarae 

proportionality  factor,  and  as  long  as  the  tet>g>erature  dependent  part  is 

(WcterfCctXofiS 

mihly  <hie  to  dislocation  H>*eo44f at ioo^,  the  Cottrell>Stokes  law  is  obeyed- 
tAonorer^  tha  dialocationa  fora  tangles  ooi^posed  of  alaoat  randooly  oriented 
segMnta;  independent  of  whether  the  tangles  fill  the  specinen  alaoat  unifoml^ 
or  are  aligned  along  slip  planes^ or  fora  cell  walla^or  are  distributed  in 
any  other  way. 

(xr)  Alloys  of  the  a-brasa  type  do  not  fora  tangles  and  ahould 
therefore  not  obey  the  Cottrell -Stokes  law.  This  law  must  also  break  down 
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in  easy  gllcU,  idian  thoaa  temperature  dependent  oontrlbutlone  to  *7^  which 
are  not  due  to  dislocation  Intersections  becosie  inportant  while  7^  becoiaes 
small. 

(zri)  Transition  effects  upon  the  chancring  of  testing  conditions, 
on  unloading  and  reloading,  or  intemedlate  ageing^  can  bo  accounted  for. 

(xrii)  The  profuse  operation  of  cross  slip  is  belioTed  to  lower 
the  Talue  of  P/a,  and  with  it  the  ralue  of  the  workhardening  coefficient, 
by  about  401,  but  to  leave  the  linear  law  of  workhardening  in  operation. 

This  conclusion  is  substantiated  by  the  fact  that  the  workhardening  rate  during 
linear  hardening  of  polycrystalline  iron  and  steel,  and  that  observed  in  the 
linear  phrt  of  stage  III  in  nickel  are  about  the  same,  namely  60%  of  the 
value  normally  observed  in  stage  II  for  fee  pure  metals. 

(xviii)  A  further  reduction  of  the  workhardsning  rate  in  stage  III 
can  be  understood  as  the  consequence  of  dislocation  climb,  respectively 
''conservative  climb*. 
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